Many pulsars are observed to "glitch", i.e. show sudden jumps in their rotational frequency ν, some of which can be as large as ∆ν/ν ≈ 10 −6 −10 −5 in a subset of pulsars known as giant glitchers. Recently Pizzochero (2011) has shown that an analytic model based on realistic values for the pinning forces in the crust and for the angular momentum transfer in the star can describe the average properties of giant glitches, such as the inter-glitch waiting time, the step in frequency and that in frequency derivative. In this paper we extend the model (originally developed in Newtonian gravity and for a polytropic equation of state) to realistic backgrounds obtained by integrating the relativistic equations of stellar structure and using physically motivated equations of state to describe matter in the neutron star. We find that this more detailed treatment still reproduces the main features of giant glitches in the Vela pulsar and allows us to set constraints on the equation of state. In particular we find that stiffer equations of state are favoured and that it is unlikely that the Vela pulsar has a high mass (larger than M ≈ 1.5M ).
INTRODUCTION
Many pulsars are observed to "glitch", i.e. they show sudden increases in their spin frequency that are instantaneous to the accuracy of the data. To date several hundreds of glitches have been detected (Espinoza et al. 2011) , with relative increases in the spin frequency ν that range from as low as ∆ν/ν ≈ 10 −11 to ∆ν/ν ≈ 10 −5 . In particular a class of pulsars, of which the Vela pulsar is the prototype, exhibit what are known as "giant" glitches (Espinoza et al. 2011) , large steps in the spin frequency (∆ν/ν ≈ 10 −6 ) which are accompanied by an increase in the spindown rateν and exhibit a rough periodicity in their recurrence rate (for example giant glitches in the Vela occur roughly every three years).
Shortly after the first glitches were observed it was suggested that they could be due to a superfluid component in the stellar interior, weakly coupled to the normal component and to the electromagnetic emission, that could store angular momentum and then release it catastrophically, giving rise to a glitch (Baym, Pathick & Pines 1969; Anderson & Itoh 1975; Alpar 1977; Alpar et al. 1984a ). Large scale superfluid components are, in fact, expected in Neutron Star E-mail:pierre.pizzochero@mi.infn.it (NS) interiors on theoretical grounds given that the temperature of the star will drop below the superfluid critical temperature (typically ≈ 10 9 K) soon after birth. Furthermore recent observations of the cooling of the young NS in the supernova remnant Cassiopeia A have provided the first direct indication of superfluidity in NS interiors (Page et al. 2011; Shternin et al. 2011) .
A superfluid rotates by forming an array of quantised vortices which carry the circulation of the fluid. In the NS crust the vortices can be strongly attracted, "pinned", to the nuclear lattice (Anderson & Itoh 1975; Alpar 1977; Pines et al. 1980; Anderson et al. 1982) and cannot move outward. If the superfluid cannot remove vortices it cannot spin down and it therefore acts as an angular momentum reservoir. As the crust spins down due to electromagnetic emission a lag will develop between the superfluid and the normal component, leading to a hydrodynamical lift force (Magnus force) acting on the vortices. Eventually when the lag reaches a critical value the pinning force will no longer be able to contrast the hydrodynamical lift and the vortices will unpin, transferring their angular momentum to the crust and giving rise to a glitch.
Although there is some evidence that smaller glitches in young active pulsars such as the Crab may be related to arXiv:1205.6647v1 [astro-ph.SR] 30 May 2012 crust quakes (Crawford & Demianski 2003; Middleditch et al. 2006) , there is a growing consensus that the basic picture outlined above can be used to describe the main features of pulsar glitches. There is still considerable debate on the "trigger" for vortex unpinning and several mechanisms have been proposed (including crust quakes (Ruderman 1976; Ruderman, Zhu & Chen 1998) , heat release (Larson & Link 2002) and hydrodynamical instabilities (Glampedakis & Andersson 2009) ), but recent work by Warszawski & Melatos (2008) (see also Melatos & Warszawski (2009) ; Warszawski & Melatos (2011) ) has been very successful in using cellular automaton simulations that can track the movement of a large number of vortices, to reproduce the distribution of glitch sizes and waiting times, and Haskell, Pizzochero & Sidery (2012) have produced the first hydrodynamical simulation that can follow all stages of a giant glitch, from the rise to the relaxation.
One of the main difficulties in performing such calculations, up to now, has been the relative scarcity of realistic estimates of the pinning force between vortices and nuclei in the crust. However the recent calculation of Grill & Pizzochero (2012a) (see also Grill (2011); Grill & Pizzochero (2012b) ) has filled this gap and produced physically consistent pinning profiles that can be used to study pulsar glitches. In fact Pizzochero (2011) has shown that these forces can be incorporated into a simple analytical model, the so-called "snowplow" model, that predicts the size, step in frequency derivative and waiting time of Vela glitches. The same forces were used by Haskell, Pizzochero & Sidery (2012) in a hydrodynamical model to reproduce also the post-glitch relaxation of Vela glitches and show that the model is consistent with the size and waiting times of other pulsars that exhibit giant glitches.
We shall discuss the details of the snowplow model in the following sections, the main assumption, however, is that vortices close to the rotational axis of the star will only be weakly pinned at their extremities. The Magnus force can thus easily unpin them and move them towards the equator, where they will repin as they are now immersed in the strong pinning region of the inner crust. This creates a vortex sheet that moves close to the maximum of the pinning potential as the star spins down. Once the maximum critical lag is reached the pinning force can no longer balance the Magnus force, and all the vorticity that has been accumulated is free to go, giving rise to a giant glitch. This also gives rise to a natural periodicity for giant glitches, although crust quakes or vortex avalanches can unpin part of the vorticity and give rise to smaller glitches before the maximum.
In this picture we implicitly assume that vortices that cross the core of the star are immersed in a low drag environment, i.e. that there is no pinning in the core and vortices are free to move out. This would not be the case if the protons in the interior are in a type II superconducting state and there is a strong interaction between magnetic flux tubes and rotational vortices (Ruderman, Zhu & Chen 1998; Link 2003) . Note, however, that a large portion of the star may be in a type I superconducting state (Jones 2006) in which the magnetic field is not organised in flux tubes, but rather in macroscopic regions of normal matter, and the interactions may be much weaker (Sedrakian 2005 ) (although see Jones (2006) for a discussion of strong interactions in type I superconductors). Furthermore recent calculations suggest that even if the superconductivity is of type II, the interaction between vortices and flux tubes will be weak in the presence of strong entrainment or superfluid Σ − hyperons (Babaev 2009 ). In this paper we thus take the view that pinning in the core will be weak, although strong pinning of vortices to flux tubes is an intriguing possibility and will be the focus of a future publication (Haskell, Pizzochero & Seveso, in preparation) . Pizzochero (2011) and Haskell, Pizzochero & Sidery (2012) developed the model for an n = 1 polytrope in Newtonian gravity, in order to obtain simple analytical estimates for the glitch size. In this paper we investigate the effect on the snowplow model of Pizzochero (2011) of using realistic Equations of State (EoSs) and relativistic equations for the stellar structure. We will see that in general the model is consistent with observations and that less massive NSs (in the region of 1.2M − 1.5M ) are favoured to describe the Vela pulsar. The inclusion of realistic backgrounds and equations of state in the hydrodynamical models will be the focus of future work.
STELLAR STRUCTURE
As outlined above the model proposed by Pizzochero (2011) relies on calculating the amount of vorticity that can be stored in the inner crust before the Magnus force overcomes the maximum pinning force and then calculating the amount of angular momentum exchanged between the superfluid component and the crust. In order to obtain realistic estimates of the moment of inertia of the different components and of the strength of the density-dependent pinning force per unit length, it is thus important to use a realistic equation of state (EoS) for dense matter that describes the relation P (ρ) between density and pressure. The stellar structure and density profile can then be obtained by integration of the Tolman-Oppenheimer-Volkov (TOV) equations:
where m(r) is the mass contained in a sphere of radius r, ρ(r) is the density profile and P (r) is the pressure. These differential equations model the hydrostatic equilibrium inside the star with relativistic approach and, of course, require the P (ρ(r)) function. The last two equations can be combined in one that gives an expression for the mass and pressure derivatives and the system can be solved with valid initial conditions. We obtain the functions that describe the star with the fourth-order Runge-Kutta method, starting at r = 0 with m(0) = 0 and ρ(0) = ρc, for a valid choice of the central density ρc. The integration stops when we reach the condition ρ(R) = 10 −8 ρc and we take R as the radius of the star. Of course the mass of the star is M = m(R). As a result of this integration we have m(r), ρ(r) and P (r) of the star as showed in Fig. 1 based on a non-relativistic parametrisation; this equation describes the whole star with a single analytical expression and so it is more convenient to integrate; (ii) GM1 by Glendenning & Moszokowski (1991) is a stiff P (ρ) relation that is very similar to SLy in the crust of star, but not in the core due to different microscopic approach used to describe hadrons at densities higher than ρ0. This figure clearly identifies also the presence of a limit for the mass for a neutron star. The existence of a maximum mass Mmax is an effect of the relativistic nature of the TOV equations, where pressure contributes to the gravitational field. Of course Mmax depends on the EoS: a stiffer equation of state gives a higher Mmax. The evidence of the existence of a 2M neutron star (Demorest et al. 2010 ) allows, in fact, to reject soft equations of state that predict a maximum mass below this value. Table 1 shows the different values of Mmax for the equations of state considered.
In this work we consider stars with masses from 1M to Mmax. With the density profile ρ(r) it is possible to identify, for each star, the structural regions that are relevant for the model and important for the pinning. In particular we calculate the radius of the core Rc as the distance from the center of the star where ρcore = ρ(Rc) = 0.5ρ0 (ρ0 = 2.8 × 10 14 g cm −3 is the nuclear saturation density); the inner crust-outer crust interface Ric corresponds, on the other hand, to the density value ρ d = 0.0015ρ0 that is the neutron drip point: this means than in the outer crust there are no free neutrons. It is easy to calculate the moment of inertia of a shell delimited by radii r1 and r2:
We can then calculate also the moment of inertia of every region, considering that Icore = I(0, Rc), Iic = I(Rc, Ric) and Ioc = I(Ric, R). Table 2 shows all the relevant parameters for the considered stars, obtained from the integration of the TOV equations with SLy and GM1.
PINNING AND VORTICITY
One of the most important ingredients of the model is clearly fpin(ρ), the pinning force per unit length that acts on the vortex line as a result of its interaction with the lattice (in the inner crust). Although the pinning force per pinning site can readily be evaluated from the knowledge of the pinning energy (Alpar 1977; Epstein & Baym 1988; Donati & Pizzochero 2003 , 2006 , the force per unit length of a vortex, which is the quantity that must be equated to the Magnus force in order to understand whether a vortex is Table 2 . We give all the structural parameters (as defined in section 2) of the stars used to test the snowplow model, for both EoSs tested. See also figure 3 for a graphical representation of these quantities. pinned or free, is much more complex to evaluate, as it depends on the rigidity of a vortex and on its orientation with respect to the crustal lattice. Grill & Pizzochero (2012a) (see also Grill (2011); Grill & Pizzochero (2012b) ) have performed numerical simulations to evaluate this quantity, taking into account different orientation of the bcc lattice. They found that the order of magnitude of the maximum pinning force fPM is approximately 10 15 dyn cm −1 and that there is no significant difference for the pinning force per unit length in considering vortex-nucleus interaction attractive or repulsive in different regions. Another interesting result found by Grill & Pizzochero (2012a) regards the position of the maximum fPM. In this paper the authors use a density-dependent pairing gap ∆(ρ) obtained with a realistic microscopic nucleonnucleon interaction. It is known that the polarization effects of the neutron medium reduce the paring gap, but there is yet no agreement on how strong this suppression will be, although it seems reasonable to divide the ∆(ρ) by a factor β between 2 and 3. Grill & Pizzochero (2012a) consider the case β = 1 and β = 3 and find that for the two corresponding profiles fpin(ρ) the maximum is shifted at different densities, even if the parameter β is, of course, only a scaling factor on the same pairing gap profile. The precise height of the maximum thus depends on the vortex tension used in the model (although the order of magnitude remains 10
EoS
15 dyn cm −1 ) and does not affect the location of the maximum (once β is fixed). In this work we therefore constrain the exact value of the maximum amplitude of the pinning force by fitting the average waiting time between giant glitches in the Vela pulsar, as will be explained in the 
Figure 4. The profile of the pinning force f pin (ρ) for the two cases β = 1 and β = 3, with a choice for the maximum of f PM = 10 15 dyn cm −1 .
next sections. In figure 4 we show the two pinning profiles fpin(ρ) used in this work for β = 1 and β = 3 (plotted here with the choice of fPM = 10 15 dyn cm −1 ). The case β1 has a maximum at ρ ≈ 0.325ρ0, while in the β3 case the maximum is at ρ ≈ 0.14ρ0. In both configurations we take the pinning force to vanish at ρcore and ρ d , due to the fact that the lattice exists only in the crust and that in the outer crust there are no free neutrons to produce vortices.
A single vortex line will be described parallel to the rotational axis and distant from this axis by a distance x, that represent the cylindrical radius. We consider also the Figure 3 . The first figure shows the dependence of the radius of the neutron star on the total mass, for the SLy and GM1 EoSs. The other plots represent the thicknesses of the stellar regions (core, inner crust and outer crust) as function of mass. As one can see a more massive star has thinner crusts, while a stiffer equation of state produces a larger star. vortex line to be continuous throughout the core: there is, in fact, no theoretical evidence for the existence of an interface of normal matter between the core and the inner crust, that can justify the hypothesis of a core with vorticity separated from the crust (Zhou et al. 2004) . Naturally the vortices may not be straight and parallel to the rotational axis, as turbulence may develop in the stellar interior, especially in the presence of strong pinning (Link 2011b,a) . We will not consider this possibility here, but will discuss some of its likely consequences in the following.
With the above hypothesis, we can identify two (cylindrical) pinning regions based on the strength of the pinning interaction. The strong pinning region is defined by x > Rc and corresponds to the part of the star in which the vortices lie entirely in the inner crust region, and are therefore subject to pinning for their whole length. On the other hand, in the weak pinning region (x < Rc), a vortex line is pinned only at its extremities that are immersed in the crust, while there is no pinning interaction in the core (see figure 5 ).
THE MODEL
Thanks to the axial symmetry of the problem, we can describe the macroscopic quantities of the rotating superfluid in terms of the variable n(x) that represents the number of vortices per unit area, at a distance x from the rotational axis of the star. The angular velocity Ωs(x) of the superfluid component of the star is in fact proportional to the number N (x) of vortices enclosed in a cylindrical region of cylindrical radius x, and can be expressed as:
where the integration is performed on the area enclosed by the radius x. This result follows from the quantization of the circulation per vortex line that is encoded in the constant κ = πh/mN . Once a star has been fixed by the choice of an EoS and the integration of the TOV equations, the model requires, as a first step, the evaluation of the pinning force for the whole length of a generic vortex line. This can be obtained starting from the function fpin(ρ) discussed previously. Let us imagine a vortex line parallel to the rotational axis of the star and distant x: the total pinning acting on it is given by the integration of fpin(ρ) over its length:
where (x) = 2 R 2 ic − x 2 is the length of the vortex line, obtained considering that the vortex line ends at the innerouter crust surface. To understand better the role of the pinning force, we choose a neutron star of 1.4M with SLy equation of state and we plot the function Fpin(x) for x weak pinning region strong pinning region cylindrical radius R c R ic Figure 5 . A schematic representation of the geometry of our problem (out of scale). The whole shaded area represents the inner crust of the NS, where vortices are pinned to the lattice. The darker part indicates the strong pinning region, where the vortices are subjected to pinning for their whole length. The star is threaded by straight continuous vortices. from 0 to Ric ( fig. 6 , corresponding to β = 1 and fPM = 10 15 dyn cm −1 ). The pinning interaction is not the only force that acts on a vortex line. As shown in Ruderman & Sutherland (1974) , pinning prevents the vortex line from moving with the local superfluid velocity because the vortex line is compelled to have the velocity of the normal matter component (the normal component rotates as a rigid body with angular velocity Ωc). This fact give rise to a Magnus force:
where vv is the velocity of the vortex line and vs is the superfluid velocity; here fm must be intended as force per unit length. In this expression ρs is the density of the superfluid fraction of the star. In fact the whole star can be divided in two components: the normal one (which includes also the protons in the core as they are coupled with the crust by the magnetic field) and the superfluid one, on which the Magnus force will act. It thus follows that ρs = (1 − xp)ρ where xp is the proton fraction at a given density. Of course this quantity is a microphysical property of matter and for this reason is strictly dependent on the EoS used. As this information is not provided with the EoSs used, we use the results of Zuo et al. (2004) who give the proton fraction xp(ρ) as a function of the total density in the case of two-body interactions and also in the case of three-body forces. We use both the xp(ρ) relations of Zuo et al. (2004) but we consider also a third case where the proton fraction is a constant that does not depend on the total density. We also introduce the parameter Q that represent the superfluid fraction of the star. It is defined for the general case as
where we have used eq. 4; Itot is the total moment of inertia and Is is the moment of inertia of the superfluid component.
In the case of a constant proton fraction it then follows that Q = 1 − xp. The average value is Q ≈ 0.95 and therefore we shall test our model also with this prescription. The Magnus force in 7 has only one component in the radial direction (vv and vs are, in fact, directed along e θ , so the cross product is directed along ex) and therefore can be rewritten as:
where the difference of the two velocities is written as ∆v(x) = x∆Ω(x) = x [Ωc − Ωs(x)] and depends only on the coordinate x, as described by equation 5. This quantity is negative between two glitches because the normal component spins slower that the superfluid one; indeed the Magnus force is a hydrodynamical lift that pushes the vortex outward from the rotational axis. The key point here is the fact that the normal component spins down as a consequence of the loss of energy by electromagnetic radiation of the star: the result is an increase of fm(x, z) in the time interval between glitches.
The same integration performed with fpin over the length of the vortex can be done with the Magnus force. We can consider the total Magnus force acting on a vortex line distant x from the rotational axis:
The basic idea here is to compare the pinning force and the Magnus force to find the critical lag ∆Ωcr(x) that repre- sents the depinning condition: when the actual lag between the two components of the stars reaches the value ∆Ωcr at some point with cylindrical radius x, the vortices here are unbound from the lattice, as the Magnus force now exceeds the pinning interaction that held the vortices in place:
Here F * m (x) = Fm(x)/∆Ωcr(x) and it is plotted in fig. 7 using the same reference star as in fig. 6 . The important quantity is therefore the critical lag that can be easily evaluated as:
In figure 8 we plot the critical lag for sample stars from table 2.
It is important to point out that the critical lag shows a peak ∆Ωcr max = ∆Ωcr(xmax) in a region that corresponds to the inner crust, that is the region where the pinning is stronger. In this region our estimate of ∆Ωcr(x) is reasonable since pinning is continuous along the whole single vortex. This is not the case for the critical lag in the core, because here pinning acts on vortices only at their extremities: as explained by Pizzochero (2011) this fact is responsible of the weak pinning in this region, even though we can assume that the system maintains axial symmetry due to the collective rigidity of vortex bundles (Ruderman & Sutherland 1974) .
As the star slows down, the depinning condition ∆Ω(x) ∆Ωcr(x) is first reached in the core: as shown by Link (2009) , in this region repinning is dynamically possible if the lag falls below a critical value (smaller than the one for depinning). This suggest the following interpretation: in the core, as the star slows down, the vortices are continuously depinned and repinned, establishing a dynamical creep that removes the excess vorticity on short timescales. Furthermore the Magnus force in the interior is likely to overcome the tension of vortices and depin them long before the unpinning condition in the crust is met (Adams, Cieplak & Glaberson 1984; Haskell, Pizzochero & Sidery 2012). The conclusion is thus that vortices in the core can essentially be considered free. In this region the scattering of electrons off magnetised vortex cores is mainly responsible for the drag forces and for the short relaxation timescale τc ∼ 1 − 10s (Alpar et al. 1984b; Andersson, Sidery & Comer 2006) : this means that we can consider the normal and the superfluid components in the core as coupled with a lag of order |Ω|τc.
In the time between glitches, the depinning region becomes larger, involving also the crust: in the inner crust the excess vorticity is repinned and creates a thin vortex sheet that moves toward the peak: this sheet is pushed outward by the increasing Magnus force and it stores angular momentum. When the peak is reached, there is no more pinning interaction that can block the excess vorticity: this vorticity is suddenly released and reaches the outer crust. At this moment the angular momentum stored by vortices is transferred to the normal component of the star, and this causes the glitch.
It is straightforward now to evaluate the time interval between two glitches: this is given by the time needed to create a lag ∆Ωcr max
whereΩ is the deceleration of the normal component referred to the pre-glitch steady-state condition. The above arguments indicates that, immediately before a glitch, a lag of ∆Ωcr max will have been created for x = xmax. This means that we can use equation 5 to express the number of vortices stored at the peak in the sheet just before a glitch:
Due to the particular shape of the critical lag in figure 8 , we can assume that in this moment the excess vorticity in the region x > xmax has been entirely removed by the Magnus force, and therefore the Nv vortices are the only ones responsible for the transfer of angular momentum to the normal component of the star. To evaluate the angular momentum transfer we start from the definition dL = Ωs(x) dIs. As we are interested in the angular momentum stored by Nv vortices at the peak of the pinning potential, we use the relation in 14 and perform the integration on the cylindrical region xmax < x < Rc to obtain the requested quantity (the integration on the coordinate x stops at Rc due to the fact that in the outer crust there is no superfluid component):
Following the arguments above, at the moment of a glitch only a fraction of the core superfluidity is coupled to the normal component of the star: in fact, the rise time of a glitch (τ gl ) is very short and only the instantaneously depinned fraction of vorticity in the core can respond to the variation of the angular velocity of the crust. We introduce the parameter Y gl to encode this fractional quantity. In fact the best observational upper limit is of Figure 8 . Plot of the critical lag ∆Ωcr(x) for different stellar models, with varying mass and equations of state. The pinning profiles used are plotted in figure 4 and we consider both the case β = 1 and the case β = 3. Note that in both cases (β = 1 and β = 3) the maximum amplitude of the pinning force is the same, so the difference in the maximum lag for the two cases is now entirely due to the different position in density of the maximum in the pinning force profile.
In the pre-glitch steady-state condition, due to the long timescales involved, we can assume Y∞ = 1; but during a glitch this quantity cannot be calculated with the snowplow model as it depends on the detailed short-time dynamics of the vortices, and must thus be determined with hydrodynamical simulations such as those in Haskell, Pizzochero & Sidery (2012) . As this is beyond the scope of the current paper, the quantity Y gl is taken as a parameter of this model, and must be inferred from the observational data as shown in the next section.
The value Y gl is needed for the evaluation of ∆Ω gl , the jump in angular velocity of the normal component of the star due to a glitch. This corresponds to the ratio between the angular momentum transfer ∆L gl and the effective moment of inertia I eff of the coupled fraction of matter during the glitch. One thus has that I eff = (1 − Q)Itot + QY gl Itot and the requested quantity is therefore:
A further parameter of the glitch that can be calculated is the relative acceleration of the crust. As illustrated in Pizzochero (2011) the desired relation follows from variation at the glitch of the Euler equation for the normal component and angular momentum conservation:
RESULTS AND OBSERVATIONS
In this section we test the model proposed here against observations. As the model has been developed for giant glitches we shall compare our results to observations of giant glitches in the Vela pulsar. The Vela (PSR B0833-45 or PSR J0835-4510) has a spin frequency ν ≈ 11.19 Hz and spin-down rateν ≈ −1.55 × 10 −11 Hz s −1 ; from relation 13 this value correspond to a maximum critical lag of ∆Ωcr max = 8.6 × 10 −3 rad s −1 , where we have considered that the average time between glitches for this pulsar is 2.8 years. The glitch is usually described in terms of permanent steps in the frequency and frequency derivative and a series of transient terms that decay exponentially. It is well known that at least three transient terms are required, with decay timescales that range from months to hours (Flanagan 1996) . Recent observations of the 2000 and 2004 glitch have shown that an additional term is required on short timescales, with a decay time of approximately a minute. Given that the detection in 2004 was only barely above the noise we shall refer to the January 2000 glitch. In this case the jump in angular velocity was of ∆Ω gl = 2.2 × 10 −4 rad s −1 (Dodson, McCulloch & Lewis 2002; Dodson et al. 2007 ). This is a fairly typical value for giant glitches in the Vela, and we take it as our reference value. The relative step in frequency derivative corresponding to the transient term with the shortest decay timescale (1 minute) for this glitch is ∆Ω gl /Ω∞ ≈ 18 ± 6 (1σ error), and we assume that this is a good approximation to the instantaneous step in frequency derivative at the time of the glitch.
As explained in the previous section, the model has two free parameters that are the maximum value of the pinning force value fPM and Y gl : this means that, once a star has been fixed (by choosing the EoS, the mass M , and the superfluid fraction relation) we can use two observational quantities to constrain the parameters of the model and compare further observables to the quantities predicted by calculations. In particular, for each fixed star, we rescale the maximum of the pinning force in order to produce the maximum critical lag ∆Ωcr max required to reproduce the average waiting time between glitches in the Vela. This allows us to calculate directly and univocally the angular momentum ∆L gl from equation 15. As we want to reproduce a glitch of amplitude ∆Ω gl = 2.2 × 10 −4 rad s −1 , relation 16 can be rewritten in the following form
and therefore can be used to fix the coupled fraction of matter during the glitch. Tables 3, 4 and 5 give the fitting parameters for all the configurations tested. We can see that the value of the maximum pinning force fPM does not change significantly with the total mass of the star. In these tables negative values of Y gl are not given as they would not be physically acceptable: a negative value would mean that there is not enough angular momentum to produce the required jump in angular velocity, even if we consider the core vorticity completely decoupled from the normal component of the star at the time of the glitch.
The remaining tables, numbered 6, 7 and 8, show the physical quantities that the "snowplow" model permits to evaluate. These are of course the angular momentum ∆L gl transferred to the crust during the glitch and the relative step in frequency derivative. We can see that the order of magnitude for ∆L gl is 10 40 erg s, that is compatible with the upper limits on the glitch energy obtained from observations of the power wind nebula surrounding Vela (Helfand et al. 2001) and with the results found in Pizzochero (2011) , where the same model is applied analytically with a polytropic EoS in Newtonian gravity. From these tables one can see that, for a particular choice of EoS and proton fraction, the angular momentum ∆L gl stored by vortices decreases with the total mass of the star. This behaviour can be easily explained, as shown by Pizzochero (2011) , in terms of the quantity xmax/Ric shown in the tables: ∆L gl is obviously related to the number Nv of vortices stored at the peak (in tables 6, 7 and 8; see also eq. 15) -that however doesn't change significantly with the mass -but it depends strongly on the ratio xmax/Ric which increases at higher masses. In Pizzochero (2011) (fig. 4) it is clearly shown that the angular momentum stored by the vortices at the peak decreases rapidly moving the position of the peak towards the outer crust. The quantity ∆L gl also depends on the equation of state used (a stiffer EoS produces higher values of ∆L gl ) and on the pinning profile: the β = 3 condition, when other variables are fixed, gives lower values for the angular momentum, accordingly to the fact that the relative position of the peak with respect to the inner crust radius is higher.
The "snowplow" model permits to calculate also the step in spin-down rate immediately after a glitch, and this quantity is given in our tables as ∆Ω gl /Ω∞. It has been calculated only for acceptable values of Y gl , and must be compared with the reference value of ∆Ω gl /Ω∞ = 18 ± 6, taken from the Vela 2000 glitch (Dodson, McCulloch & Lewis 2002) . These values suggest that the β = 3 configurations are preferred and this can be considered in reasonable agreement with the microscopic results found by Gandolfi et al. (2008) : they find that a realistic suppression factor for the pairing gap ∆(ρ) is β ≈ 1.5 but, crucially, also that the maximum for ∆(ρ) is shifted at lower densities. This leads to a profile close to what we obtain for β = 3 in our model. Finally let us remark that the results in tables 6, 7 and 8, for the (microscopically favoured) case β = 3, seem to indicate that a stiffer equation of state (GM1) is preferred as is a lower mass (possibly in the region of 1.4M ) for the Vela pulsar. Naturally such a quantitative conclusion is difficult to make on the basis of one observation and it would be highly desirable to have information on the shorttimescale post-glitch behaviour not only of other Vela giant glitches, but also of other glitching pulsars. Note that short term components of the relaxation have not been measured for other giant glitchers, however the "snowplow" model can be used to predict waiting times, obtaining results which are consistent with observations (Haskell, Pizzochero & Sidery 2012). Table 3 . This table gives the fitting parameters f PM (maximum of the pinning force per unit length) and Y gl (fraction of coupled vorticity at the glitch) for all the considered configurations. xmax is the position (cylindrical radius) of the maximum critical lag. These values refer to a constant proton fraction xp(ρ) = 0.05 (the corresponding fraction of moment of inertia due to the superfluid component of the star is Q = 0.95). Unphysical (negative) values for Y gl are not reported (see text for details). Since the angular momentum transferred to the crust during a glitch is strongly dependant on the ratio xmax/R ic (see section 5), this quantity is also reported in table. 
CONCLUSIONS
In this paper we have extended the "snowplow" model for giant pulsar glitches of Pizzochero (2011) to incorporate relativistic background stellar models and realistic equations of state. In particular we test the model for the SLy and GM1 equations of state. Unfortunately these equations of state do not include information on beta equilibrium, so we use the proton fractions calculated by Zuo et al. (2004) . It would of course be highly desirable to use proton fractions that are consistent with the individual equations of state in future work, in order to set stringent constraints. Furthermore we use, for the first time, the realistic profiles for the pinning forces per unit length calculated by Grill & Pizzochero (2012a) (see also Grill (2011); Grill & Pizzochero (2012b) ), in order to evaluate the amount of angular momentum that can be transferred to the crust during a glitch.
The model contains three free parameters, the mass of the star M , the fraction of superfluid that is coupled to the crust during a glitch Y gl , (which can only be estimated with dynamical simulations such as those of Haskell, Pizzochero & Sidery (2012)), and the maximum amplitude of the pinning force, fPM. Note in fact that while the location of the maximum is precisely determined by the microphysical calculations of Grill & Pizzochero (2012a) (see also Grill (2011) ; Grill & Pizzochero (2012b) ), the actual value of the maximum can vary by factors of order unity or more as it depends on the poorly constrained value of the vortex tension. We thus treat it as a normalization and determine its value by requiring that the waiting time between glitches is of 2.8 years, as is approximately the case for Vela glitches. We then fit the size of the glitch to an average Vela glitch to obtain the value of Y gl . In particular we take the value of the Vela 2000 glitch, ∆Ω = 2.2 × 10 −4 rad s −1 (Dodson, McCulloch & Lewis 2002) .
Having determined the free parameters in our model, except for the mass of the NS which is free, we compare our results to the post glitch step in frequency derivative. Unfortunately the changes inν on short time scales after a glitch are observationally challenging to detect and it has been possible to fit for transient steps in frequency and frequency derivative on timescales of minutes after a glitch only for the Vela 2000 and 2004 glitch (Dodson, McCulloch & Lewis 2002; Dodson et al. 2007) . Given that the detection is only barely above the noise for the 2004 glitch (Dodson et al. 2007 ) we fit to the values obtained for the 2000 glitch, which we assume to be a good approximation of the instantaneous post glitch behaviour. This justifies our choice of also fitting to the value of the jump in frequency of the Vela 2000 glitch.
The comparison of the model to the observational constraints first of all highlights that the general results of the analytic model of Pizzochero (2011) remain valid even in Table 4 . The fitting parameters given here (defined in table 3) refer to the proton fraction xp(ρ) proposed by Zuo et al. (2004) , obtained with two-body forces. Pizzochero & Sidery (2012) , compatible with the average waiting time between giant glitches in other pulsars. This further reinforces the hypothesis that giant glitches are approximately periodic phenomena that occur close to the maximum lag that the pinning force can support in the crust, while smaller glitches may be triggered by random events such as crust quakes (Ruderman 1976; Ruderman, Zhu & Chen 1998) or vortex avalanches (Warszawski & Melatos 2008; Melatos & Warszawski 2009; Warszawski & Melatos 2011 . Furthermore our results favour lower masses for the Vela pulsar (smaller than 1.5M ) and stiffer equations of state. Note however that such a quantitative conclusion is difficult to draw as not only are we comparing to a single observation but dynamical simulations have also shown that superfluid mutual friction will contribute significantly to the short term post-glitch spindown (Haskell, Pizzochero & Sidery 2012) as may friction at the crust/core interface (van Eysden & Melatos 2010 ). In will thus be necessary to further develop hydrodynamical glitch simulations to truly constrain the equation of state and the stellar mass.
Finally let us remark that in this paper we have assumed straight vortices that cross cross the core of the neutron star and are only weakly pinned at their extremities. Although the assumption of vortices that pass through the star appears to be justified by microphysical estimates, that do not predict an interface of normal matter between the crust and core superfluid (Zhou et al. 2004) , it may be the case that if the protons in the core are in a type II superconducting state this could lead to strong pinning also in the stellar interior (Ruderman, Zhu & Chen 1998; Link 2003) . In this case not only would vortex motion be impeded, but it is also likely that turbulence will develop (Link 2011b,a) . Note, however, that a large portion of the star may be in a type I superconducting state (Jones 2006) in which the magnetic field is not organised in flux tubes, but rather in macroscopic regions of normal matter, and the interactions may be much weaker (Sedrakian 2005) (although see Jones (2006) for a discussion of pinning in type I superconductors). Furthermore Babaev (2009) has recently shown that in the presence of strong entrainment or superfluid Σ − hyperons, the interaction between vortices and flux tubes may be much weaker than generally assumed in the presence of type II superconductivity. In this paper we thus take the view that pinning in the core will be weak, although strong pinning of vortices to flux tubes is an intriguing possibility and will be the focus of a future publication (Haskell, Pizzochero & Seveso, in preparation) .
Turbulence, on the other hand, is well known from laboratory superfluids and may play an important role in pulsar glitches (Peralta et 
